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Introduction {#sec1}
============

Fascin is an actin-binding protein that is known to regulate the parallel bundling of actin filaments ([@bib54]), stabilize filopodia and invadopodia ([@bib30], [@bib35]), and regulate adhesion dynamics in migrating cells ([@bib16]). Fascin has received considerable attention in recent years as its expression is very low or absent in normal adult epithelia, but it is dramatically upregulated at both transcript and protein levels in all forms of human carcinomas studied to date ([@bib25]). Thus, fascin is emerging as an excellent prognostic marker and a potential therapeutic target for metastatic disease ([@bib51], [@bib3]). Despite this recognized clinical importance, there is still very little molecular detail available defining the mechanisms underpinning fascin-dependent cell invasion, thus significantly limiting strategic approaches for therapeutic design. It is also unclear whether these defined roles for fascin in tumorigenesis rely upon the classical F-actin-bundling function or whether other roles may exist that coordinate cell invasion.

Fascin comprises four tandem β-trefoil domains that form a bilobed structure, with β-hairpin triplets located symmetrically on opposite sides of each lobe that are proposed to act as the actin-binding domains ([@bib49]). These actin bundles, whether in the form of filopodia extending beyond the cell edge or microspikes within lamellae of migrating cells or neuronal growth cones, are involved in controlling cell migration in vitro ([@bib2]) and embryonic development in vivo ([@bib57], [@bib40], [@bib27]). Invasion of carcinoma cells is a highly coordinated process that depends largely on alterations to cell-cell and cell-extracellular matrix (ECM) adhesion and organization of the actin cytoskeleton ([@bib22]). Carcinoma cells migrating in 3D ECM and in living tissues assemble membrane protrusions and specialized ECM-degrading adhesions termed invadopodia to enable tunneling through the matrix ([@bib18], [@bib14], [@bib35]). We and other groups have shown that loss of fascin function in a range of cell types results in reduced assembly of actin protrusions, more stable adhesions, and reduced migration and invasion in vivo ([@bib26], [@bib32], [@bib13], [@bib30], [@bib60]). However, it remains unclear whether these reported functions for fascin depend upon actin bundling within filopodia alone, or whether other roles for fascin exist within normal and metastatic cells that promote motility.

Physicochemical properties of the ECM play an important role in the regulation of cell migration ([@bib12], [@bib17]) and cancer cells have been shown to have great plasticity, enabling them to adapt their migratory strategies to external cues ([@bib45], [@bib55], [@bib9]). Several studies have demonstrated that nuclear size and deformation act as limiting factors of cell migration in physically confined environments ([@bib56], [@bib44], [@bib15]). Contractile force generation, cytoskeleton-driven force transmission to the nucleus, and nuclear stiffness ([@bib23], [@bib34], [@bib37], [@bib5]) can together create a migratory threshold ([@bib28], [@bib50]). The linker of the nucleus and cytoskeleton (LINC) complex connects the cytoskeleton to the nuclear inner lamina (([@bib11], [@bib41])) and is formed by KASH proteins (Klarsicht, ANC-1, and Syne Homology proteins, nesprins) at the outer nuclear envelope (NE) and SUN proteins (Sad1 and UNC-84) at the inner NE. This complex is known to play an essential role in force transmission ([@bib37], [@bib5]), NE response to physical strain ([@bib21]), and nuclear localization in migrating cells ([@bib38], [@bib42]). Mutations in the LINC complex have been associated mainly with muscular dystrophies and cardiomyopathies ([@bib28], [@bib61]), but despite its role in cell motility, the potential contribution to cancer cell invasion and metastatic disease is currently unknown.

Here, we report that nesprin-2 binds directly to the fascin β-trefoil3 domain through spectrin repeats (SRs) 51--53 located at its C-terminal domain. Nesprin-2 recruits fascin to the NE both in vitro and in vivo, where it regulates F-actin connection to the LINC complex, modulating nuclear localization in fibroblasts and nuclear deformation in cancer cells. These effects are independent of the fascin F-actin-bundling activity, since the disruption of fascin-nesprin-2 interaction by the overexpression of β-trefoil3 domain does not alter F-actin dynamics. Together, these results provide a role for fascin in coupling the NE to the cytoskeleton to assist in coordinated force transmission during migration.

Results {#sec2}
=======

Fascin Interacts with Nesprin-2 {#sec2.1}
-------------------------------

To define potential unexplored regulators of fascin function, we performed mass spectrometry analysis of specific isolated proteins in complex with GFP-fascin immunoprecipitated from MDA MB 231 human breast carcinoma cells. Within the reproducible hits that were significantly represented in the resulting peptide analysis, we identified nesprin-1, a member of the LINC complex ([Figure S1](#mmc1){ref-type="supplementary-material"}A). We have previously shown that fascin localizes to the nucleus and the nuclear periphery both during *Drosophila* development and in mammalian cells ([@bib20]). The function associated with this specific localization remains unknown; therefore, we chose to further characterize the potential interaction with the nesprin family of proteins. Initial experiments did not reveal a detectable interaction with endogenous full-length nesprin-1, but as this analysis was performed at low detergent concentration, we cannot exclude that this was due to retained co-association between other cytoskeletal-associated NE proteins in complex with fascin. Based on our previously published data on fascin subcellular localization, we then focused on the C-terminal domains of the proteins nesprin-1 and -2, as these regions are present in all nesprin-1 and -2 isoforms anchored to the NE and encompass the most conserved regions across the whole sequence ([@bib8]) ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Co-immunoprecipitation (coIP) experiments with either GFP-nes1(66--74) or GFP-nes2(49--56) demonstrated that fascin was able to specifically form a complex with the nesprin-2 C-terminal region ([Figure 1](#fig1){ref-type="fig"}A). We confirmed this interaction in intact cells by quantifying fluorescence resonance energy transfer (FRET) using fluorescence lifetime imaging microscopy (FLIM) between GFP-tagged nesprins and monomeric RFP (mRFP)-tagged fascin. This analysis demonstrated a specific and direct interaction in whole cells between GFP-nes2(49--56), but not GFP-nes1(66--74) or the inner NE protein SUN2 ([Figure 1](#fig1){ref-type="fig"}B). To define the region of nesprin-2 that associates with fascin, we used recombinant glutathione S-transferase (GST)-tagged regions of tandem SRs from nesprin-1 and nesprin-2 as bait to pull down endogenous fascin from lysates of NIH 3T3 fibroblasts. Western blotting revealed that fascin was only found in a complex with SR51--53 from nesprin-2 ([Figure 1](#fig1){ref-type="fig"}C). We verified that fascin directly interacted with SR51--53 of nesprin-2 through in vitro binding assays ([Figure 1](#fig1){ref-type="fig"}D) and far-western blot analysis of GST-nesprin SR proteins probed with His-tagged fascin ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Moreover, GFP-mini-N2G-ΔSR3-50 containing the SR51--53 region (schematic representation in [Figure S1](#mmc1){ref-type="supplementary-material"}B) showed specific coIP with endogenous fascin in NIH 3T3cells ([Figure 1](#fig1){ref-type="fig"}E). Collectively these data demonstrate that fascin forms a complex specifically with nesprin-2 in vitro and in cells, and this binding occurs directly and through SR51--53 in nesprin-2.

We next wanted to determine whether fascin localization at the NE was common across different cell types and conditions. Confocal images of NIH 3T3 cells demonstrated recruitment of fascin at the NE where it colocalized with nesprin-2 ([Figure 1](#fig1){ref-type="fig"}F). Interestingly, fascin localization also showed significant enrichment within the perinuclear area together with nesprin-2 in human cancer cells grown as xenograft tumors in nude mice ([Figure S1](#mmc1){ref-type="supplementary-material"}D) and with the NE marker protein SUN-2 in spontaneous colon carcinomas ([Figure S1](#mmc1){ref-type="supplementary-material"}E). We have previously shown that fascin localizes to the nucleus of nurse cells of the developing *Drosophila* ovarian follicle ([@bib20]) ([Figure S1](#mmc1){ref-type="supplementary-material"}G), suggesting that the role of fascin at the NE is evolutionarily conserved. To determine whether nesprin-2 was responsible for fascin localization at the NE or vice versa, we knocked down each protein in fibroblasts and analyzed their respective localization by confocal microscopy. Nesprin-2 knockdown (KD), including giant and smaller isoforms ([Figure S1](#mmc1){ref-type="supplementary-material"}F), resulted in loss of fascin localization at the NE, but nesprin-2 localization was unaffected by fascin KD ([Figure 1](#fig1){ref-type="fig"}H). Similarly in *Drosophila* embryos, complete disruption of the LINC complex through homozygous Klaroid mutation ([@bib52]) or loss of only the nesprin homolog MSP-300 ([@bib59]) disrupted fascin localization to the NE ([Figure S1](#mmc1){ref-type="supplementary-material"}G), while loss of fascin did not affect LINC complex localization ([Figure S1](#mmc1){ref-type="supplementary-material"}H). Together, these data demonstrate that fascin localizes to the NE in a nesprin-2-dependent manner.

Fascin-Actin Bundling Is Not Required for Nesprin Binding {#sec2.2}
---------------------------------------------------------

Fascin-dependent F-actin bundling is known to be partly controlled by phosphorylation of Ser39 by protein kinase C (PKC) such that mutation of Ser39 to a phospho-dead alanine mimic results in constitutive F-actin bundling by fascin ([@bib43], [@bib4], [@bib6]). To determine whether fascin-nesprin-2 binding was dependent upon fascin-F-actin bundling, we performed coIP and FRET/FLIM analysis of wild-type (WT) or S39A fascin and nes2(49--56). Both assays demonstrated that significantly lower levels of S39A fascin bound to nes2(49--56) compared with WT fascin ([Figures 2](#fig2){ref-type="fig"}A and 2B). Analysis of total FRET efficiency and that associated to the NE showed that most of the interaction was restricted to the perinuclear area ([Figure 2](#fig2){ref-type="fig"}B). S39A fascin localization was associated with a more prominent cytoplasmic recruitment and less enrichment at the NE in HeLa cells ([Figure 2](#fig2){ref-type="fig"}B), and a similar mutation in *Drosophila* fascin (S52A) also reduced fascin localization to the NE ([Figure S2](#mmc1){ref-type="supplementary-material"}A). We thus hypothesized that non-S39 phosphorylated fascin may conformationally restrict the interaction with nesprin-2. To test this in a cell-free in vitro system, we used far-western blot assays with recombinant fascin mutants and nesprin-2 and nesprin-1 most C-terminal GST-tagged SR triplets. S39A mutant fascin did not show significantly impaired binding to SR51--53 ([Figure 2](#fig2){ref-type="fig"}C), suggesting that any conformational change in this region does not significantly alter binding. This further implies that the stable F-actin bundling and recruitment to filopodia by this mutant may be incompatible with fascin localization to the NE and interactions with nesprin-2.

To further define the region(s) on fascin required for the interaction with nesprin-2, we generated four constructs that mapped to the four distinct β-trefoil domains in fascin ([Figure 2](#fig2){ref-type="fig"}D). In vitro pull-down assays with purified GST-nes2(51--53) and recombinant full-length fascin and β-trefoil subdomains revealed that this interaction occurred specifically through the β-trefoil3 subdomain ([Figure 2](#fig2){ref-type="fig"}E). GFP-nes2(49--56) immunoprecipitations also showed a complex formation with overexpressed β-trefoil3 subdomain but not β-trefoil1 ([Figure 2](#fig2){ref-type="fig"}F), and fascin-nes2(51--53) interaction could be competed in vitro with increasing amounts of recombinant β-trefoil3 subdomain ([Figure S2](#mmc1){ref-type="supplementary-material"}B). We then co-expressed FLAG-tagged β-trefoil subdomains with GFP-nes2(49--56) and mRFP-fascin and measured fascin-nesprin-2 binding by FRET/FLIM in HeLa cells. Quantification of FRET values demonstrated that overexpression of the β-trefoil3 significantly inhibited nesprin-2-fascin binding, whereas the other three domains had no effect on formation of the complex ([Figures 2](#fig2){ref-type="fig"}G and 2H). Moreover, expression of mCherry-tagged versions of β-trefoil3, but not 1, 2, or 4, led to displacement of endogenous fascin from the NE in NIH 3T3cells ([Figure 2](#fig2){ref-type="fig"}I). Conversely, expressing mCherry-tagged SR(51--53) domain in NIH 3T3cells displaced fascin localization from the NE ([Figure S2](#mmc1){ref-type="supplementary-material"}D).

The formin FHOD1 has been reported to interact with nesprin-2 at its N-terminal domain (amino acids 1,130--1,724), and plays a role creating an additional binding site for actin cables to the NE during nuclear movement. To determine potential interdependence of these two actin-binding proteins in connecting the actin cytoskeleton and LINC complex, we first explored the role of FHOD1 in the interaction of fascin with nesprin-2. Immunoprecipitation assays showed that silencing FHOD1 did not affect fascin binding to the GFP-mini-N2G-ΔSR3-50 construct ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Moreover, FRET between GFP-Nes2(49--56) with mRFP-fascin after silencing FHOD1 showed no change in the level of interaction ([Figures S2](#mmc1){ref-type="supplementary-material"}F--S2H). Taken together, these results demonstrate that fascin binds directly to the region of nesprin-2 encompassing SRs 51--53 through its third β-trefoil domain. This interaction is required for fascin localization at the NE and is independent from the nesprin-2 interaction with FHOD1.

The Fascin-Nesprin-2 Complex Couples F-Actin to the Nuclear Envelope {#sec2.3}
--------------------------------------------------------------------

We next sought to determine the functional consequences of fascin localization to the NE and its association with nesprin-2. Nesprin-2 has been shown to be important for active positioning of the nucleus during cell migration. Starved fibroblasts require stimulation with serum factors such as LPA to establish their nucleo-centrosomal axis during cell polarization after scratch wounding ([@bib19]). This process relies in the rearward displacement of actin cables that associate with nesprin-2 at the transmembrane actin-associated (TAN) lines. These structures are responsible for coupling the nuclei to the moving actin cables, inducing the nuclear positioning at the cell rear while the centrosome remains stationary at the cell centroid ([@bib38], [@bib33], [@bib37]). We therefore hypothesized that the fascin-nesprin complex may play a role in nuclear positioning during migration. To test this, we first determined whether fascin localized to TAN lines in NIH 3T3cells. Confocal microscopy and fluorescence intensity line scan analysis demonstrated that overexpressed myc-tagged fascin showed significant overlap with both F-actin and GFP-mini-N2G-ΔSR3-54 in cables positioned over the nucleus ([Figure 3](#fig3){ref-type="fig"}A), endogenous fascin colocalized with GFP-mini-N2GΔSR3-50 ([Figure S3](#mmc1){ref-type="supplementary-material"}A), and GFP-fascin and F-actin cable displacement both correlated with nuclear movement during cell polarization ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Moreover, stable KD of fascin in NIH 3T3cells ([Figure S3](#mmc1){ref-type="supplementary-material"}C) resulted in a significant reduction in nuclear rearward movement during polarization, and this defect was restored by re-expression of human WT GFP-fascin but not S39A mutant ([Figures 3](#fig3){ref-type="fig"}B and 3C) correlating with fascin binding to nesprin-2. The reduction in rearward nuclear displacement was also coupled with a reduction in the speed of actin fiber moving over the nucleus ([Figures 3](#fig3){ref-type="fig"}D and 3E; [Movie S1](#mmc2){ref-type="supplementary-material"}). This demonstrates that fascin localization at the NE is required for not only efficient F-actin-nuclear coupling but also normal actin rearward movement during cell polarization.

To further confirm that this fascin-dependent defect in nuclear movement was dependent upon fascin-nesprin binding, we expressed mCherry-tagged β-trefoil domains 1 or 3 of fascin in NIH 3T3 and analyzed nuclear movement. Our data demonstrated that β-trefoil3, which specifically competes for fascin-nesprin-2 binding, but not β-trefoil1, resulted in a significant reduction in nuclear rearward movement during fibroblast polarization ([Figures 3](#fig3){ref-type="fig"}F and 3G). This was specific to fascin-nesprin disruption, as no further defect in nuclear movement was seen in fascin KD cells expressing β-trefoil3 compared with mCherry alone ([Figure S3](#mmc1){ref-type="supplementary-material"}D). The lack of rescue of phenotype in fascin-depleted cells expressing β-trefoil3 also demonstrates that this domain is not sufficient to regulate nesprin-2-F-actin linkage. Expression of β-trefoil3 did not alter the speed of retrograde actin fiber displacement, suggesting that these defects seen in fascin KD or S39A-fascin-expressing cells are due to global fascin-F-actin coupling ([Figures 3](#fig3){ref-type="fig"}H and 3I; [Movie S2](#mmc3){ref-type="supplementary-material"}). Importantly, β-trefoil domains of fascin expressed in fibroblasts did not localize to F-actin or change stress fibers or filopodia formation ([Figures S3](#mmc1){ref-type="supplementary-material"}E and S3F). This demonstrated that the expression of single β-trefoils does not affect F-actin cytoskeleton and that the role of fascin at the NE is uncoupled and mechanistically distinct from that at the cell periphery. These data combined demonstrate that fascin-nesprin binding at the NE is specifically required for nuclear polarization and movement during polarization.

The Fascin-Nesprin-2 Complex Contributes to Nuclear Morphology and Deformability {#sec2.4}
--------------------------------------------------------------------------------

Work from our laboratory and others has previously shown that fascin contributes to invasion of human cancer cells ([@bib35], [@bib26], [@bib47]). We confirmed that KD of fascin leads to significantly reduced invasion of MDA MB 231 cells through 3D collagen gels, an effect that was restored upon re-expression of small hairpin RNA (shRNA)-resistant GFP-fascin ([Figures 4](#fig4){ref-type="fig"}A and [S4](#mmc1){ref-type="supplementary-material"}A). Previous reports have suggested that this pro-invasive effect is due to fascin-dependent stabilization of filopodia and possibly invadopodia. However, a number of recent studies have shown that nuclear deformation and movement in tumor cells are required to enable efficient cell navigation through changing ECM environments ([@bib15], [@bib63], [@bib56]). We therefore reasoned that our discovery of fascin-dependent nuclear movement could represent a new way for fascin to control cell invasion independently of F-actin bundling. To explore this further, we examined the morphology and volume of nuclei of control or fascin KD cells in stiff 2D surfaces and embedded in 3D collagen. Quantification revealed that in 3D matrices, but not on 2D surfaces, nuclear volume was significantly reduced in fascin-depleted cells, and that this was restored in cells rescued with shRNA-resistant GFP-fascin ([Figures 4](#fig4){ref-type="fig"}B--4D) suggesting that fascin is required to maintain nuclear architecture in 3D environments. Acto-myosin force generation and transmission are required to induce nuclear shape change in a range of migrating cells ([@bib34], [@bib56]), but intrinsic nuclear mechanical properties can modify cell responses to force, acting as a limiting factor of nuclear deformability and, thus, migration ([@bib23], [@bib15]). To determine whether fascin loss correlated with altered nuclear stiffness, we used atomic force microscopy (AFM). To avoid overall contribution from cytoplasmic dorsal actin fibers to nuclear stiffness, we averaged several local measurements performed with a quadratic pyramidal-tipped cantilever per nuclei instead of a broader spherical tip ([Figures S4](#mmc1){ref-type="supplementary-material"}B--S4D, see [Experimental Procedures](#sec4){ref-type="sec"}). In MDA MB 231 cells plated on a rigid surface, KD of fascin did not change nuclear stiffness ([Figure 4](#fig4){ref-type="fig"}E). Spatial confinement on 2D matrices is known to modulate nuclear size and volume, but the contribution of the LINC complex and microfilaments to this process remain unclear at present ([@bib31], [@bib36]). Our results show that fascin KD only affects nuclear volume in cells embedded in 3D matrices and indicates that fascin contributes to nuclear deformation under conditions of 3D spatial confinement. This suggests that fascin plays a role in the transduction of mechanical forces to nesprin-2 and NE without affecting bulk mechanical properties, and that this plays a more profound role in 3D environments.

To study this further in an environment with controlled spatial constrictions, we used a microfluidic device with arrays of channels of different sizes ([Figure 4](#fig4){ref-type="fig"}F) ([@bib39]). Similar devices have been previously used to study the ability of MDA MB 231 cells to invade in 3D, showing that nesprin-2 plays an important role in nuclear translocation through confined spaces ([@bib53]). In our system, control MDA MB 231 cells (SCR) showed equally efficient nuclear translocation through channel widths of 15 μm, 10 μm, and 7 μm, but decreased significantly in 5-μm wide gaps, where only ∼30% of nuclei entered the channels ([Figures 4](#fig4){ref-type="fig"}G and 4H). Stable fascin KD cells, however, showed a significant reduction in nuclear translocation into channels with widths smaller than 10 μm, suggesting that loss of fascin limits nuclear deformation, a phenotype that was rescued by the stable re-expression of shRNA-resistant GFP-fascin ([Figures 4](#fig4){ref-type="fig"}G and 4H). Nuclear translocation through microchannels of different widths fits to a sigmoidal distribution in which the inflection point of the curve, where 50% of the cells translocate, can be used as a relative cut-off size for cell translocation. In accordance with our previously published data ([@bib39]), control MDA MB 231 showed a cut-off size of 6.99 μm, while in fascin KD cells this increased to 9.77 μm. Conversely, stable expression of shRNA-resistant GFP-fascin induced a decrease in the cut-off size to 6.45 μm, close to the control levels ([Figures S4](#mmc1){ref-type="supplementary-material"}E and S4F). Our experimental setup did not allow us to discriminate rescued cells overexpressing fascin levels above the WT, and thus we cannot discard that this partially enhanced effect in nuclear translocation might be due to the levels of fascin achieved in the fascin KD cell line re-expressing GFP-fascin ([Figure S4](#mmc1){ref-type="supplementary-material"}A). These data suggest that fascin regulates nuclear translocation into spatially confined environments ([Figures S4](#mmc1){ref-type="supplementary-material"}E and S4F).

To further determine whether this defect in fascin-dependent cell movement and adaptation was due to fascin-nesprin binding, we analyzed WT cells expressing mCherry alone versus mCherry-tagged β-trefoil3 domains of fascin in the microfluidic chambers. Our analysis demonstrated that specifically competing the fascin-nesprin-2 complex with β-trefoil3 resulted in a significant impairment of nuclear translocation through gaps smaller than 10 μm wide compared with control or mCherry-expressing cells ([Figures 4](#fig4){ref-type="fig"}I, [S4](#mmc1){ref-type="supplementary-material"}E, and S4F). β-Trefoil3 expression in MDA MB 231 cells or fibroblasts did not induce any change in actin cytoskeleton organization, morphology, or focal adhesion formation cells, all features closely related to acto-myosin contractility ([Figure S4](#mmc1){ref-type="supplementary-material"}J). Fascin KD is known to increase non-muscle myosin II activity and cell contractility ([@bib16]), which, together with nesprin-2 tethering to actin cytoskeleton, favors cancer cell invasion and nuclear translocation into spatially confined 3D matrices ([@bib53]). This phenomenon could partially counteract the negative effects of fascin depletion in cell invasion and mask some of these observed effects. In our experimental setup, we specifically disengaged fascin binding to nesprin-2 from other fascin-dependent effects. The larger channel cut-off size for β-trefoil3-expressing cells further suggests that acute disruption of the nesprin-fascin complex severely impairs the transmission of cytoplasmic forces and, thus, nuclear deformability.

In line with this notion, our data demonstrated that silencing nesprin-2 in MDA MB 231 cells resulted in impaired invasion through 3D gels ([Figures S4](#mmc1){ref-type="supplementary-material"}H and S4I). We therefore sought to determine whether disruption of the fascin-nesprin complex, and subsequent defects in nuclear deformation might play a role in cancer cell invasion through 3D ECM. Analysis of MDA MB 231 cells showed that β-trefoil3 expression resulted in a significant reduction in invasion into collagen gels ([Figures 4](#fig4){ref-type="fig"}J and 4K). Moreover, expression of β-trefoil3 in fascin KD cells did not alter invasion levels, demonstrating that this effect was specific, but also that this domain of fascin is not sufficient to enable coupling of nesprin-2 and F-actin to permit efficient nuclear displacement and cell invasion ([Figures 4](#fig4){ref-type="fig"}J and 4K). Importantly, focal adhesion formation and migration speed of cells expressing of β-trefoil3 on 2D surfaces was not significantly altered ([Figures S4](#mmc1){ref-type="supplementary-material"}J and S4K), further suggesting that the inhibition of invasion in 3D is due to nuclear deformation and force transmission defects and not an overall loss of actin-based motility. Together, these results show that fascin plays a key role in coordinating the link between nesprin-2 and actin that in turn facilitates nuclear deformation and the ability of tumor cells to navigate through complex 3D matrices.

Discussion {#sec3}
==========

Here we have uncovered a filopodia-independent role for fascin in controlling cell invasion through coupling nesprin-2 to F-actin at the NE. Our data also identify a non-F-actin-bundling functional role for fascin in cells. These findings support a model in which fascin can occupy at least two distinct roles in cells to regulate migration and invasion: (1) F-actin bundling, through two distinct F-actin-binding sites within filopodia at the cell periphery; and (2) F-actin and nesprin-2 binding at the NE to couple F-actin retrograde flow and nuclear translocation in 3D environments. The notion of these distinct and separable functions for fascin is supported by our ability to uncouple filopodia formation from nuclear movement through overexpression of the β-trefoil3 domain of fascin.

Fascin has a number of known binding partners that play a role in regulating F-actin bundling, stability, or localization ([@bib6], [@bib62], [@bib30]). Our data demonstrate that nesprin-2 is a fascin-interacting protein that recruits it to a yet uncharacterized subcellular localization. Interestingly this interaction is direct, and occurs through the β-trefoil3 domain, but constitutive actin bundling and filopodia formation competes with this interaction in whole cells. The β-trefoil3 domain contains a number of residues shown to be important for actin bundling ([@bib60], [@bib58], [@bib29]), but it is unclear whether it sits on an actin-binding site or plays a structural regulatory role ([@bib29], [@bib58]). Our β-trefoil3 overexpression approach did not substantially alter actin microfilament cytoskeleton while disrupting the interaction with nesprin-2, showing that the nature of this interaction is structurally distinct from the binding to the actin filament and that a larger structural domain is needed for F-actin filament binding. In this context, constitutive F-actin bundling by S39A-fascin impeded an efficient interaction with nesprin-2, showing that PKC-mediated phosphorylation at S39 is required for both normal actin dynamics and F-actin cytoskeleton connections with the LINC complex. Future studies of this molecular switch will shed further light on how fascin acts as a linker between F-actin bundles and nesprin-2.

Actin-dependent nuclear movement in fibroblasts relies on the interaction of actin filaments with the N-terminal site of the nesprin-2 giant isoform ([@bib38]). More recently, an interaction with FHOD1 formin, another actin-binding protein, was reported to play a role in TAN-line formation and nuclear movement ([@bib33]). These findings and data presented here support the emerging concept that the actin-NE connection is supported by more than one F-actin-nesprin-2 interaction site through its actin-binding domain. FHOD1 interacts with nesprin-2 through a domain close to its N-terminal region, and we have shown that FHOD1 and fascin-nesprin-2 interactions are not interdependent. These additional binding sites may play a role in strengthening the link and bearing a higher strain exerted by the cytoskeleton under certain conditions ([@bib7]). Our data would suggest that this is even more evident in the context of migration into 3D environments where the nuclear deformability acts as a limiting factor ([@bib56], [@bib15], [@bib44]). Several factors modulate the nuclear deformability in a wide range of cells, such us contractility ([@bib34]), nuclear stiffness ([@bib23]), and nucleo-cytoskeletal force transduction ([@bib37], [@bib5]). In our model, while loss of fascin did not induce any change in the mechanical properties of the nuclei, disruption of fascin-nesprin interactions led to a severe defect in nuclear translocation into physically confined environments. This function of fascin appears to be essential in this process, since despite the increased myosin activity induced by fascin depletion ([@bib16]), this is not sufficient to sustain normal cell translocation rates.

Together, these findings suggest a role for fascin as a mechano-transducer of cytoplasmic forces and provide evidence of its role in nuclear deformation and movement during cell migration. As fascin is a prognostic marker in many different cancer types and a potential therapeutic target, our data may provide new avenues to target fascin for anti-metastatic therapy.

Experimental Procedures {#sec4}
=======================

Antibodies, DNA Constructs, Cell Lines, Fly Stocks, and Mouse Xenograft Models {#sec4.1}
------------------------------------------------------------------------------

See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for details.

Mass Spectrometry Identification of Fascin-Interacting Proteins {#sec4.2}
---------------------------------------------------------------

For the proteomic analysis of fascin-interacting proteins. GFP and GFP-fascin were transfected into fascin KD MDA MB 231 cells, cells were lysed in a buffer (0.5% Triton X-100, 150 mM NaCl, 15 mM Tris \[pH 7.4\], and propidium iodide) and GFP-fascin-containing complexes were immunoprecipitated overnight with a polyclonal anti-GFP antibody-coated Protein AG agarose beads. Complexes were washed, denatured, and resolved by SDS-PAGE. Single bands of proteins interacting specifically with GFP-fascin were excised and sent for mass spectrometry analysis (University of Aberdeen).

Protein Production {#sec4.3}
------------------

His-fascin was prepared as previously described ([@bib60]). For GST-tagged nesprin constructs, protein production was induced in BL21 *Escherichia coli* strains overnight at 16°C with 200 mM isopropyl β-D-1-thiogalactopyranoside. Pellets were resuspended in 10 mM phosphate buffer, 300 mM NaCl, 1 mM DTT, and 25 mM imidazole in the presence of protein inhibitors, sonicated, and cleared by centrifugation. GST-tagged proteins were bound to glutathione Sepharose beads for 2 hr, washed, and proteins eluted in 10 mM phosphate buffer, 150 mM NaCl, 1 mM DTT, 25 mM imidazole, and 3 mg/mL reduced glutathione (pH 7.5) for 30 min at 4°C. Proteins were dialyzed overnight and quantified by SDS-PAGE.

Immunoprecipitation, Pull-down, Western Blots, and Far-Western Blots {#sec4.4}
--------------------------------------------------------------------

See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for details.

Immunofluorescence {#sec4.5}
------------------

Details of immunostaining procedures for cells, tissues, and fly samples are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

FLIM Analysis {#sec4.6}
-------------

FRET efficiency was quantified from HeLa cells transiently expressing donor and acceptor fluorophores by measuring time-domain fluorescence lifetime with a multi-photon microscope system (TE2000, Nikon). In brief, cells were fixed in 3.6% formaldehyde for 15 min, permeabilized with 0.1% Triton X-100, and quenched with 1 mg/mL sodium borohydride for 10 min at room temperature. Cells were mounted or immunostained for FLAG detection. Fluorescence lifetime was measured as described previously ([@bib60]), and histogram data show mean FRET efficiency from at least 12 cells per condition in three independent experiments. When indicated, FRET efficiency was calculated from the area masked around the cell nucleus, using TRI2 analysis software (Paul Barber, University of Oxford).

Averaged Fluorescence Line Scan Analysis at the Nuclear Envelope {#sec4.7}
----------------------------------------------------------------

Quantification of protein localization at the NE was performed from single confocal slides of several cells by using Fiji software ([@bib46]). In brief, a 10-μm line was drawn from the nucleus to the cytoplasm, while the middle point of the line was made to coincide with the nucleus-cytoplasm boundary using the DAPI channel as nuclear marker. Fluorescence values over the line were plotted using the "plot profile" function, and the fluorescence values over different cells were later normalized. At least 15 cells from three independent experiments were analyzed for the graphs. Fluorescence intensity plots of *Drosophila* nurse cell nuclei were generated from a single slice of 63× confocal images using ImageJ software ([@bib1]). In brief, the image background was subtracted using ImageJ (50-pixel rolling-ball radius), then a line segment was drawn across one of the nurse cell nuclei and the plot profile function was used to generate a fluorescence intensity plot for each desired channel. The raw data files generated by these plot profiles were analyzed in Microsoft Excel, where each plot line was normalized to the peak value within that plot, creating intensity plots where the maximum observed fluorescence of a given line is represented by a value of 1.0; the relative fluorescence intensity. The NE was marked as the set of data points in which the wheat-germ agglutinin value was at least 0.5.

Fibroblast Polarization, Nuclear Localization, and Actin Retrograde Flow {#sec4.8}
------------------------------------------------------------------------

Fibroblast polarization was quantified as previously described ([@bib10], [@bib33]). In brief, a monolayer of NIH 3T3 fibroblasts was starved for 48 hr; later a scratch wound was performed with a sterilized pipette tip, and cells were treated with 10 μM lysophosphatidic acid (LPA). Two hours later cells were fixed and stained for tubulin, F-actin, and DNA, confocal snapshots were taken on a Nikon Eclipse Ti-E inverted microscope and images were uploaded and analyzed by custom-made software to define cell boundaries and relative position of the nucleus and centrosome with respect to the cell centroid ([@bib10]). At least ten fields per condition per experiment were taken and analyzed.

For the study of retrograde movement of actin fibers, fibroblasts were plated on 35-mm imaging dishes (IBIDI) and cells were imaged for 2 hr directly after LPA addition under a 60× oil objective in a Nikon Eclipse Ti-E inverted microscope equipped with an SU-×1 Spinning-Disk Confocal and an Andor Ixon3 EM-CCD camera. Fiji software was used to quantify the speed of displacement of the fibers ([@bib46]). In brief, time-lapse acquisition files were rotated so that the actin flow was reoriented in an up-down direction. Kymographs of a 10-μm-wide region of interest were then generated, and the coordinates of the fibers over time were annotated to calculate the displacement rate over time. At least two fibers per cell and ten cells per condition in three independent experiments were quantified.

Quantification of Filopodia and Area Covered by Stress Fibers {#sec4.9}
-------------------------------------------------------------

Filopodia number and length quantification was performed as described previously ([@bib60], [@bib30]). Fascin-containing filopodia were quantified in live fibroblasts growing in complete medium expressing both GFP-fascin and mCherry-β-trefoil domains. Snapshots from a single confocal plane by a cell were taken from several cells and quantification was performed using Fiji software ([@bib46]). Finger-like, thin, and straight projections protruding from the cell edge with increased GFP-fascin content were considered as filopodia and measured by drawing a straight line with Fiji from the cell edge to the tip. The "Measure" command was later used for the quantification of the length of each filopodia.

The area covered by F-actin fibers in fibroblasts was quantified from snapshots of time-lapse movies acquired at the same time range from fibroblasts expressing GFP-lifeact after 1 hr of 10 μM LPA stimulation. Using Fiji software, the area covered by F-actin fibers was drawn and measured, and the results were plotted as the percentage of total area covered by fibers.

Inverted Transwell Invasion Assay {#sec4.10}
---------------------------------

For the invasion assays in Matrigel, a previously described method was used ([@bib48]). For collagen invasion assays, the described method was partially adapted: 1.6 mg/mL collagen gel supplemented with 10 μg/mL fibronectin and 2% fetal bovine serum (FBS). More details are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Nuclear Volume and Stiffness Measurements {#sec4.11}
-----------------------------------------

MDA MB 231 cells were plated on 2D coverslips or embedded in 1.6 mg/mL collagen gels supplemented with 10 μg/mL fibronectin and 2% FBS. When the gels polymerized, Ham's F-12 medium supplemented with 10% FBS was added on top and the cells were allowed to migrate for 24 hr. Gels were then fixed in 3.6% formaldehyde, permeabilized with 0.1% Triton X-100, and incubated with phalloidin-647 and SYTO-16 overnight at 4°C. Imaging was performed with a Nikon A1R Confocal system using a 40× water immersion objective. Reconstruction of 3D stacks was performed using NIS Elements software (Nikon Instruments), and nuclear volume was quantified using the "3D objects counter" function in Fiji ([@bib46]). Quantification of nuclear stiffness was performed as previously described ([@bib24]). More details are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Microfluidic Device and Nuclear Deformation Experiments {#sec4.12}
-------------------------------------------------------

The microfluidic device used in this study was manufactured as described previously ([@bib39]). More details are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Statistical Analysis {#sec4.13}
--------------------

All experiments were repeated at least three times unless indicated otherwise. All statistical tests were performed using GraphPad Prism software (GraphPad). First, the outliers were removed following the ROUT method for outlier removal from non-linear regressions. When the populations followed a parametric distribution, ANOVA analysis followed by Dunnett\'s multiple comparison test or Student\'s t test for two-groups mean comparison was used. Otherwise, data not following normal distributions were analyzed with a non-parametric Kruskal-Wallis test followed by Dunn\'s multiple comparison test. Data are expressed as mean ± SEM. Significance was measured as ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, and ^∗∗∗∗^p \< 0.0001.

Author Contributions {#sec5}
====================

All experiments were conceived by M.P. and A.J., with input from G.G.G., G.C., T.T., and S.A. Experiments were performed and analyzed primarily by A.J., with input on FRET/FLIM from M.P., on adhesion from K.P., on microchannel device experiments from M.M., and on AFM experiments from G.C. Nuclear movement assays in fibroblasts were performed by A.J. and S.A., with input from W.C. Nesprin-2 western blots, TAN lines localization, and nesprin-2 KD invasion assays were performed by S.A. C.G. and T.T. performed the *Drosophila* experiments. E.O.-Z. analyzed the tumor samples. M.P. and A.J. prepared the figures and wrote the manuscript.
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![Fascin Interacts with the C-Terminal Region of Nesprin-2\
(A) Co-immunoprecipitation (coIP) of GFP, GFP-nes1(66--74) and GFP-nes2(49--56) with FLAG-tagged fascin expressed in HEK293T cells. Densitometry values normalized to GFP IP protein content from three independent experiments ± SEM are depicted below. ^∗^p \< 0.05 compared with GFP only.\
(B) HeLa cells co-expressing GFP-nes1(66--74), GFP-nes2(49--56), or GFP-SUN2 with mRFP-fascin. Center panels show pseudocolored FLIM images. Graph shows mean FRET efficiency of GFP-tagged proteins and mRFP-tagged fascin. n = 18 cells from three experiments ± SEM. ^∗∗^p \< 0.01 compared with GFP-SUN2.\
(C) Western blot of endogenous fascin pulled down from NIH 3T3 fibroblast lysates with GST alone and GST-tagged nesprin-1 and nesprin-2 SR triplets. Densitometry values normalized to GST ± SEM from three experiments are shown below. ^∗∗^p \< 0.01 compared with GST.\
(D) Western blot of recombinant His-tagged fascin pulled down with GST-tagged nesprin-1 and nesprin-2 SR triplets. Mean densitometry values normalized to GST ± SEM from three experiments are shown below. ^∗∗^p \< 0.01 compared with GST.\
(E) CoIP of endogenous fascin with GFP, GFP-mini-N2G-ΔSR3-54, and GFP-mini-N2G-ΔSR3-50 expressed in NIH 3T3. Densitometry values normalized to GFP ± SEM from three experiments are shown below. ^∗^p \< 0.05 compared with GFP.\
(F) Representative single confocal slice showing co-localization of endogenous fascin and nesprin-2 in NIH 3T3 acquired by structured illumination microscopy. Arrowheads show enrichment of fascin at the NE; arrows show fascin localized at fibers over the nucleus. Scale bars, 2.5 μm.\
(G) Endogenous fascin and nesprin-2 in NIH 3T3 expressing a non-targeting scrambled SCR shRNA (SCR), nesprin-2-targeting shRNA (Nes2 KD), or fascin-targeting shRNA (Fascin KD). Graphs show fluorescence line scan analysis averaged from at least 15 cells in two experiments. Yellow arrows represent sites of line scan analysis. Scale bars, 10 μm.\
See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![Fascin-Actin Bundling Is Not Required for Nesprin Binding\
(A) CoIP of GFP and GFP-nes2(49--56) with FLAG-tagged WT fascin and S39A mutant co-expressed in HEK293T cells. Densitometry values normalized to GFP IP ± SEM from three experiments are shown below. ^∗^p \< 0.05 compared with WT FLAG-fascin.\
(B) FRET/FLIM analysis of HeLa cells co-expressing GFP-nes2(49--53) and mRFP-tagged WT and S39A fascin. Center panels show pseudocolored images of nuclear-masked FRET values. Graph shows mean FRET efficiency values both in the whole cell or masked nuclear area (n = 18 cells per condition). ^∗∗^p \< 0.01 compared with WT mRFP-fascin.\
(C) Far-western blot of GST and GST-tagged nesprin-1 and nesprin-2 SR triplets incubated with BSA as control or purified recombinant WT and S39A His-tagged fascin detected using an anti-His antibody.\
(D) Schematic of fascin structure and β-trefoil domain constructs.\
(E) Pull-down of GST-nes2(51--53) with His-tagged full-length (FL) fascin or His-tagged β-trefoil subdomains. Representative of three experiments.\
(F) CoIP of GFP-nes2(49--56) with FLAG-tagged fascin β-trefoil3 domain expressed in HEK293T cells. Representative of three experiments, densitometry values normalized to GFP-nes2(49--56) IP levels ± SEM are shown below. ^∗^p \< 0.05 compared with GFP.\
(G) Example micrographs of cells co-expressing GFP-nes2(49--56) and mRFP-fascin together with different FLAG-tagged β-trefoil domains. Second row shows pseudocolored images of GFP-nes2(49--56) FLIM images. Final row shows FLAG-tagged β-trefoil domain localization.\
(H) Graph of mean FRET efficiency of GFP-nes2(49--56) and mRFP-fascin co-expressed with β-trefoil domains from three experiments. ^∗∗^p \< 0.01 compared with cells co-expressing only GFP-nes2(49--56) and mRFP-fascin.\
(I) Endogenous fascin and mCherry-tagged β-trefoil constructs in NIH 3T3. Fascin and mCherry were visualized using specific antibodies. Graphs show averaged fluorescence line scan analysis performed from \>15 cells from three experiments. White arrows indicate position of line scan analysis. Scale bars, 10 μm.\
See also [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Fascin Couples F-Actin and the Nuclear Envelope\
(A) GFP-mini-N2G-Δ3-54, myc-tagged fascin, and F-actin in TAN lines. Starved NIH 3T3 monolayer was wounded, constructs microinjected, and cells stimulated with 10 μM LPA for 1 hr before fixation. Scale bar, 10 μm. Graph shows fluorescence line scan analysis of white arrows shown in the left panel. Yellow arrow indicates points of colocalization. Black arrows on graph show points of GFP-mini-N2G-Δ3-50, myc-fascin, and F-actin co-localization at TAN lines.\
(B) NIH 3T3 fibroblasts during nucleo-centrosomal axis formation 2 hr after scratch wound and LPA stimulation. Upper panels show merged channels for DNA, tubulin, and F-actin. Lower panels show GFP and GFP-fascin (WT and S39A mutant) channels in the same cells. Representative of four experiments. Scale bar, 20 μm.\
(C) Quantification of relative nuclear and centrosomal position respective to the cell centroid in SCR and fascin KD fibroblasts expressing GFP, and GFP-fascin (WT and S39A) after LPA stimulation. Mean of four independent experiments, at least 90 cells per group. ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 compared with SCR GFP.\
(D) Quantification of actin fibers retrograde displacement speed during LPA-induced fibroblast polarization. Each value represents the speed of a single fiber, two fibers from \>10 cells per condition from three experiments. ^∗∗^p \< 0.01, ^∗∗∗∗^p \< 0.0001 compared with SCR.\
(E) Kymographs of actin fiber retrograde displacement during LPA-induced fibroblast polarization in fascin KD cells expressing GFP, GFP-fascin WT, or S39A mutant. Wound located at top of kymographs. Arrows indicate example actin cables and dashed lines represent nuclear outline. Representative of three experiments. Scale bars, 10 μm.\
(F) NIH 3T3 expressing mCherry, mCherry-β-trefoil1, and mCherry-β-trefoil3 after scratch wound and LPA stimulation. Upper panels show DNA (DAPI), tubulin, and F-actin (phalloidin). Lower panels show mCherry and mCherry-β-trefoil expression in the same cells. Representative of four experiments. Scale bar, 20 μm.\
(G) Quantification of relative nuclear and centrosomal position with respect to the cell centroid in fibroblasts expressing mCherry and mCherry-tagged β-trefoil domains 2 hr after LPA stimulation. Average of three experiments, \>90 cells per condition. ^∗∗^p \< 0.01 compared with SCR mCherry.\
(H) Quantification of actin fiber retrograde displacement speed during LPA-induced polarization in fibroblasts expressing mCherry and mCherry-tagged β-trefoil domains. Each value represents the speed of a single fiber, \>30 cells per condition in three experiments. ns, not significant compared with SCR mCherry.\
(I) Kymographs of dorsal actin fiber displacement during LPA-induced fibroblast polarization in fibroblasts expressing mCherry and mCherry-tagged β-trefoil domains. Arrows indicate example actin fibers. Dashed lines indicate nuclear outline. Representative of three experiments. Scale bars, 10 μm.\
See also [Figure S3](#mmc1){ref-type="supplementary-material"}; [Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.](gr3){#fig3}

![Fascin Contributes to Nuclear Morphology and Deformability\
(A) SCR, fascin KD, and fascin KD re-expressing GFP-fascin MDA MB 231 cells invading collagen gels. mCherry-H2BK histone is shown as nuclear marker. Dashed line represents the 45-μm invasion depth used as a threshold for invasion quantification. Scale bars, 50 μm. Graph shows invasion levels averaged from five fields per condition in four independent experiments. ^∗^p \< 0.05 compared with SCR GFP.\
(B and C) Nuclear volume quantification of SCR, fascin KD, and fascin KD re-expressing GFP-fascin MDA MB 231 cells on 2D surface (B) or in a collagen gel (C) from three experiments. ^∗^p \< 0.05, ^∗∗∗^p \< 0.001 compared with SCR.\
(D) Images of SCR, fascin KD, and fascin KD re-expressing RFP-fascin MDA MB 231 cells embedded in collagen gels. Upper row shows maximum-intensity projection of F-actin (phalloidin), nucleus (SYTO16), and collagen fibers (reflection). Lower row shows 3D reconstruction of nuclei.\
(E) Quantification of nuclear stiffness by AFM on cells growing on 2D surfaces. Values represent Young\'s modulus from single cells averaged from four measurements in the same nucleus performed in duplicate. Results from at least 15 cells per condition in two experiments.\
(F) Schematic representation of microfluidic device used to challenge nuclear deformation. Channel height was constant (5 μm) while the width ranged from 20 to 4 μm.\
(G) Kymographs of SCR, fascin KD, and fascin KD re-expressing GFP-fascin MDA MB 231 cells translocating into the 7-μm-width microchannel. Dashed line represents microchannel entry. Scale bars, 50 μm.\
(H) Percentage of SCR, fascin KD, and fascin KD re-expressing GFP-fascin MDA MB 231 cells translocating nuclei inside 7-μm-width microchannels of the microfluidic device depicted in (F). Averaged from \>22 cells per channel in three experiments. ^∗^p \< 0.05.\
(I) Quantification MDA MB 231 cells expressing mCherry or mCherry-β-trefoil3 nuclear translocation inside microfluidic device. Average of \>20 cells in three experiments. ^∗^p \< 0.05.\
(J) Quantification of the invasion of SCR and fascin KD MDA MB 231 cells expressing mCherry or mCherry-β-trefoil3 through collagen gels. Average from five fields per conditions in three experiments. ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001 compared with SCR mCherry.\
(K) SCR and fascin KD MDA MB 231 cells expressing either mCherry or mCherry-β-trefoil3 invading through collagen gels. Representative stacks from three experiments with SYTO16 signal as nuclear marker. Dashed line shows 45-μm invasion depth used as threshold for invasion. Scale bars, 50 μm.\
See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}
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